Metabolic syndrome (MetS) adversely affects the vasculature and cerebral white matter (CWM) integrity. Arterial stiffening has been associated with diminished CWM integrity. Physical activity (PA) can ameliorate components of MetS and subsequently affect arterial stiffening and CWM integrity. Our aim was to determine the role of PA on mitigating the adverse influence of MetS on arterial stiffness and CWM integrity. In a cross-sectional study design, sixty-six middle-aged adults (40-62 years) composed of 18 sedentary MetS (Sed MetS), 21 physically active MetS (Active MetS), and 27 healthy individuals absent of MetS risk factors were studied. Carotid artery stiffness was assessed via simultaneous ultrasound and tonometry. CWM integrity was measured using diffusion tensor imaging (DTI) through metrics of fractional anisotropy (FA) and mean diffusivity (MD). Carotid β-stiffness index in Active MetS was lower than Sed MetS but was not different from Healthy controls (6.6 ± 1.5, 7.7 ± 2.1, and 5.6 ± 1.6 au, p = 0.001). CWM integrity was significantly greater in Active MetS subjects compared to Sed MetS subjects but statistically equal to Healthy controls in the anterior limb of the internal capsule, and splenium of the corpus callosum, uncinate fasciculus, and superior corona radiata (all p < 0.05). Middle-aged individuals with MetS who habitually perform PA demonstrated lower arterial stiffness and more favorable CWM integrity than their sedentary peers, indicating that PA may be effective in mitigating the adverse effects of MetS on the vasculature and brain at midlife.
Introduction
Abdominal obesity, dyslipidemia, elevated blood pressure, and insulin resistance are frequently accumulated concurrently throughout the lifespan into adulthood. When three or more of these components exist in a single individual they promote synergistic deleterious effects in a condition known as metabolic syndrome (MetS) (Alberti et al. 2009 ). The World Health Organization has declared MetS to be a global epidemic (Potenza and Mechanick 2009) and over a third of U.S. adults are afflicted by MetS (Aguilar et al. 2015) . This prevalence is troubling, as individuals with MetS not only demonstrate arterial stiffening associated with increased risk for cardiovascular disease and mortality, but also elevate their probability of acquiring vascular dementia by several fold (Raffaitin et al. 2009 ).
Cerebral white matter (CWM) plays an integral role in conducting neural information between cortical structures allowing the brain to work in synchrony. We have previously observed that midlife visceral adiposity is associated with arterial stiffening, and white matter hyperintensities representative of white matter damage foci (Strasser et al. 2015; Gustavsson et al. 2015) . Taken together, these findings indicate that arterial stiffening and abdominal obesity, two characteristics of MetS, may leave this population particularly vulnerable to early CWM alterations and subsequent cognitive dysfunction (Yates et al. 2012) . Considering aortic stiffness has been associated with regional damage to CWM integrity and is elevated in elderly individuals with Alzheimer's disease and vascular dementia, determining effective strategies to combat arterial stiffening and CWM damage in at risk populations at midlife is valuable for prolonging the cognitive health span (Tarumi et al. 2015; Hanon et al. 2005) .
Regular physical activity (PA) can reduce arterial stiffness and attenuate or even abolish arterial stiffening that occurs with advancing age (Boreham et al. 2004 ). Aerobic training can also reduce visceral adiposity and improve metabolic syndrome components (Thompson et al. 2001) . These modifiable cardiovascular risk factors may contribute to carotid artery stiffening and CWM deterioration, making PA an attractive method to mitigate the adverse effects of MetS on arterial stiffening and CWM integrity. However, investigations relating PA to CWM integrity are extremely limited, with investigations surrounding aerobic fitness and the brain of much greater prevalence. Further, the clinically important question of whether PA can simultaneously mitigate damage to the vasculature and CWM due to MetS has never been addressed. Accordingly, the primary aim of the present investigation was to determine whether individuals with MetS who are physically active demonstrate lower arterial stiffness and more favorable CWM integrity than their sedentary peers. Because healthy cognitive function is diminished by MetS, executive function, processing speed, and memory were also examined (Yates et al. 2012) . To accomplish these aims, rather than observing stiffness of the abdominal aorta, we measured arterial stiffness of the carotid artery because of its anatomical relevance to cerebral circulation as the vessel supplying the brain using a robust imaging-based technique (Maillard et al. 2016) . Additionally, the carotid artery is vulnerable to arteriosclerotic changes related to aging and exposure to MetS components (Della-Morte et al. 2010) .
CWM integrity was determined using diffusion tensor imaging (DTI). DTI is a magnetic resonance imaging (MRI) sequence that characterizes the three-dimensional diffusion of water in tissue by producing scalar metrics capable of describing CWM integrity in vivo (Alexander et al. 2007 ). Increased fractional anisotropy (FA) or reduced mean diffusivity (MD) are reflective of greater CWM integrity (Alexander et al. 2007 ). Specifically, FA measures the magnitude of water diffusion in the principle direction of white matter tracts whereas MD measures the average of the rate of water diffusion in all three directions.
In short, arterial stiffness, CWM integrity, and cognitive function were compared in healthy controls and groups of MetS patients who were either physically active or not. Our working hypothesis was that MetS patients who are physically active do not demonstrate arterial stiffening, reduced CWM integrity, or impaired cognitive function. Specifically, we hypothesized that arterial stiffness would be greatest in sedentary MetS participants and similar between active MetS and healthy controls. Similarly, we hypothesized lower FA, higher MD, and poorer cognitive function in MetS participants compared with either active MetS or healthy controls.
Methods

Participants
A total of 66 community dwelling adults aged 40-62 years from the Austin, Texas area took part in this cross-sectional investigation. Included individuals were without pre-existing overt cardiovascular disease (e.g., coronary artery disease, angina pectoris, transient ischemic attack, myocardial infarction, heart failure, or cardiac surgery), neurological disease (e.g., stroke, Parkinson's disease, and clinically significant traumatic brain injury), or contraindications to MRI as indicated by a Health Research Questionnaire. Individuals with significant depression (> 27 on Beck Depression Inventory-II (BDI-II)) and cognitive impairment (< 23 on Mini-Mental State Exam) were excluded. Additionally, all recruited subjects were minimally second generation, proficient in English, and educated in the United States. The current analysis comprised only of subjects with metabolic syndrome (≥ 3 MetS components) and Healthy controls (0 MetS components). The local institutional review board approved this study, and all participants gave their informed consent.
Metabolic syndrome characterization
To be included in a MetS group, participants were required to have ≥ 3 of the following components: abdominal obesity denoted by waist circumference ≥ 94 cm for men and ≥ 80 cm for women; elevated triglycerides (≥ 150 mg/dL); reduced HDL cholesterol (< 40 mg/dL for men and < 50 mg/ dL for women); elevated blood pressure defined as systolic blood pressure ≥ 130 mm Hg and/or diastolic blood pressure ≥ 85 mm Hg; hyperglycemia of elevated fasting glucose (≥ 100 mg/dL); pharmacological intervention for any condition above. These criteria were selected according to the NHLBI as previously described (Alberti et al. 2009 ).
All subjects reported for vascular assessments in the morning after having fasted overnight for at least 8 h and abstained from physical exercise, alcohol consumption, smoking, and caffeine for at least 24 h. A stadiometer and digital scale measured height to the nearest centimeter and body weight to the nearest tenth of a kilogram respectively for the calculation of BMI as kg/m
2 . An elastic measuring tape was placed around the trunk at the top of the iliac crest to measure waist circumference (Croft et al. 1995) . A blood sample was drawn from the antecubital vein by a certified phlebotomist via venipuncture. Standard enzymatic techniques were used to quantify blood concentrations of triglycerides, HDL-cholesterol, and glucose. Blood pressure was assessed using the automatic oscillometric methods (VP-2000; Omron Healthcare, Kyoto, Japan) in the supine position after comfortably resting for 15 min in a temperature controlled laboratory setting. Following this period, arterial stiffness measurements ensued.
Arterial stiffness measurement
A longitudinal B-mode image of the left common carotid artery was acquired using an iE 33 Ultrasound System (Philips, Bothell, WA) equipped with a high-resolution linear-array transducer. The image was captured 1-2 cm proximal to the carotid bulb perpendicularly to the blood vessel such that the near and far wall interfaces presented clearly. Digitized images acquired via ultrasound were analyzed later with computerized image-analysis software (Vascular Research Tool Carotid Analyzer, Medical Imaging Applications, Coralville, IA) by a single investigator blinded to subject cardiovascular health after being saved in DICOM format. Concurrent recordings of pulse pressure waveforms from the contralateral common carotid artery were obtained with arterial applanation tonometry (VP-2000; Omron Healthcare, Kyoto, Japan). Ten consecutive pressure waveforms were acquired from each subject for analysis and averaged. Carotid mean arterial pressure and diastolic pressure were calibrated to brachial mean and diastolic pressure obtained oscillometrically to correct for investigator holddown pressure as described previously (Armentano et al. 1995) . β-stiffness, a measure of carotid stiffness that controls for distending pressure, was calculated as β = In (∆Pressure) / [(∆Diameter)/Diastolic diameter] (O' Rourke et al. 2002) . On a separate visit, subjects underwent MRI and a cognitive function battery.
DTI acquisition
MRI was performed using a 3T Siemens Skyra system (Siemens Medical Solutions, Malvern, PA) with a 32-channel head coil. A diffusion-weighted, spin-echo, echo planar imaging pulse sequence was used to acquire images in 64 directions at b = 700 s/mm. One image with b = 0 was collected for a non-diffusion weighted reference image. Contiguous 2 mm anterior to posterior slices were used to cover the cerebrum with the following parameters: FOV = 256 mm, TR = 8300 ms, TE = 84 ms. Advanced shimming was performed before diffusion weighted imaging in order to optimize the homogeneity of the magnetic field across the brain and to minimize EPI distortions.
Processing DTI images included motion and eddy current correction using affine transformations in FSL (http://www. fmrib.ox.ac.uk/fsl/). Non-brain signal was removed using FSL's BET (brain extraction tool). Tensor fitting was performed using FSL's dtifit function. High-dimensional normalization that employs the full tensor in DTI-TK (http:// www.nitrc.org/projects/dtitk/) was used according to the methods of Hui Zhang et al. (Zhang et al. 2007) . A studyspecific template was created using iterative rigid, affine, and diffeomorphic alignments of the full tensor in DTI-TK (http://www.nitrc.org/projects/dtitk/) and registered to standard space using the IIT Human Brain Atlas (http://www. nitrc.org/projects/iit2).
Fractional anisotropy (FA) and mean diffusivity (MD) are DTI metrics that together fully characterize the diffusion tensor. FA measures the directionality of diffusion. Myelination is thought to result in more directional diffusion parallel to the axon and therefore higher FA. MD measures the magnitude of diffusion. Higher MD indicates more restricted diffusion and is thought to reflect membrane density. FA and MD are sensitive to early disease related CWM alterations (Acosta-Cabronero et al. 2010) .
Bilateral regions-of-interest (ROIs) were determined a priori based on existing literature and are displayed in Fig. 1 . Segments of the corpus callosum (CC) have been investigated previously as CWM regions vulnerable to a multitude of deleterious aging processes, including abnormal cognitive aging (Kennedy and Raz 2009) , dementia (Head et al. 2004) , and arterial stiffening (Tarumi et al. 2015) . The corona radiata and internal capsule have also been identified as CWM tracts particularly susceptible to the effects of arterial stiffening (Tarumi et al. 2015) . The cingulum, cingulum (hippocampal), and uncinate fasciculus were selected because of their previously reported relationships with aerobic fitness (Marks et al. 2007 ). The Johns Hopkins International Consortium for Brain Mapping template was used to define ROIs in standard space.
FA maps were calculated from each subject's tensor map in standard space using DTI-TK. Each participant's FA map was masked by each ROI and the resulting FA ROIs were thresholded at 0.2 in order to exclude signal from non-white matter voxels (Smith et al. 2006) . The average FA value from each ROI was extracted. MD maps were calculated in subject space. In order to define ROIs in subject space, inverse deformation fields were calculated from standard space to subject space and applied to binarized FA ROIs.
Cognitive assessment
A cognitive performance battery was administered to assess cognitive status and generate study specific executive function and memory domain scores. The Mini Mental State Examination, Wechsler Abbreviated Scale of Intelligence-II Full Scale Intelligence Quotient-2 (WASI-FSIQ) subtest, Beck Depression Inventory-II (BDI-II) were used to determine the general cognitive status of subjects. The Trail Making Test A, Trail Making Test B, WAIS-III Digit Span, and Stroop interference tasks were used to construct an executive function domain score. The processing speed domain was measured by constructing a domain score using the same technique with the Trail Making Test A, Stroop word, and Stroop color tasks. The California Verbal Learning Task (CVLT-II) short delay free recall, long delay free recall, and recognition discriminability comprised the memory domain. Z scores of each task were inverted where appropriate (e.g., time-based tasks) for directional congruity, summated within each domain, and averaged to create the final domain score. Testing was conducted with research assistants trained in administration of these tests. To foster testing standardization, the same assistants performed all scoring.
Physical activity behavior
Participants reported days of engaging in low, moderate, and vigorous intensity PA for intervals of at least 15-minute during free time in a 7-day period using the same classifications as the Godin leisure-time physical activity questionnaire (Godin and Shephard 1985) . Low PA was defined as "minimal effort" (e.g. yoga, archery, golf, easy walking), moderate PA was defined as "not exhausting" (e.g. fast walking, tennis, easy bicycling, easy swimming), and vigorous PA was described as "heart beats rapidly" (e.g. running, jogging, hockey, vigorous swimming). Frequency of moderate to vigorous PA was calculated by summing the self-reported bouts from the moderate and vigorous categories. This questionnaire has a high two week retest reliability coefficient of 0.94 for vigorous PA with a weaker retest reliability for moderate PA of 0.46 (Godin and Shephard 1985) . Summed moderate to vigorous PA was chosen as the PA stratification because exercise at these intensities is recommended by the American College of Sports Medicine (ACSM) for health maintenance (Haskell et al. 2007 ).
Group stratification
The subject population was first stratified by MetS components. Individuals with ≥ 3 MetS components created a MetS cohort that was further separated into sedentary (Sed MetS, n = 18) and active (Active MetS, n = 21) groups based on a median split of self-reported frequency of moderate to vigorous PA. This methodology was selected to establish physically active and inactive cohorts. Although some members of the Sed MetS cohort reported completing some bouts of PA, it was described as sedentary because weekly frequency and duration of PA in this group was nearly absent 
Statistical analyses
For descriptive characteristics, differences for categorical variables between groups were determined using Chisquared test while group differences in scalar variables were measured using analysis of variance. Variable homoscedasticity across groups for arterial stiffness and DTI outcomes was assessed with Levene's test with all passing as p > 0.05. To determine differences between regional CWM integrity, analysis of covariance with age, sex, and years of education were included. Data shown are represented as mean ± standard deviation unless stated otherwise. The continuous relationships of β-stiffness and moderate to vigorous PA frequency to DTI metrics was assessed with bivariate correlations and partial correlations controlling for age, sex, and years of education.
To account for inflation of type-1 error due to multiple comparisons, rather than using a strict Bonferroni correction that would be too conservative in light of the intercorrelated outcomes investigated in this study, a modified Bonferroni was employed (Sankoh et al. 1997) . Additionally, hypotheses were a priori and small effects were of interest for clinical implications, furthering our rationale for a less conservative α. Based on two degrees of freedom and mean intercorrelations of eight outcomes with r = 0.52 and r = 0.67 for FA and MD respectively, an α < 0.018 of α < 0.022 were determined (quantitativeskills.com). Ultimately, the mean of these two α < 0.02 was selected for statistical significance. Differences in arterial stiffness and cognitive function domains were deemed significant at the conventional α < 0.05. SPSS version 24 (SPSS Inc; IBM, Armonk, NY) was used to perform all statistical analyses.
Results
Group characteristics
Descriptive characteristics are presented in Table 1 . Per stratification, both MetS groups had greater waist circumference, systolic BP, triglyceride, blood glucose and lower HDL-cholesterol than healthy controls and did not differ from each other except for triglycerides (all p < 0.05). Plasma triglyceride concentration in the Active MetS group was significantly greater than the Sed MetS group. Frequency of PA was lower in the Sed MetS group compared with Healthy controls and the Active MetS group (all p < 0.05). Physical activity did not differ between the Healthy control and Active MetS groups and seemingly reached the ACSM PA guidelines for frequency (Haskell et al. 2007 ). Smoking was not significantly different across groups (p > 0.05). Ethnicity was also evenly distributed amongst groups (p > 0.05). Medication prevalence was greater (p < 0.05) in both MetS groups compared with their Healthy peers, but was not different between the MetS groups. No group differences were detected on the MMSE, WASI-FSIQ or BDI-II (all p > 0.05).
Arterial stiffness
As shown in Fig. 2 , β-stiffness index was significantly lower in the Active MetS group compared to the Sed MetS group and was not different (p > 0.05) from Healthy controls (6.6 au ± 1.5 vs. 7.7 au ± 2.1 vs. 5.6 au ± 1.6, F(2, 63) = 8.067, p = 0.001). The coefficient of variation of the whole sample for was β-stiffness index was 0.29.
White-matter integrity
Differences in group mean ROI CWM integrity from the ANCOVA that included age, sex, years of education and a categorical grouping variable are enumerated in Table 2 . No group differences in anterior limb of the internal capsule (ALIC), CC genu or body, cingulum (hippocampal), or superior corona radiata (SCR) FA were observed (all p > 0.05). CC splenium FA was significantly greater in Healthy controls compared to Sed MetS (0.66 au ± 0.03 vs. In relation to MD, no group differences were detected in the CC genu, body, or splenium, cingulum, and cingulum (hippocampal) (all p > 0.05 
Cognitive function
Group differences in cognitive performance on cognitive function assessments are displayed in Table 1 . No differences were observed between groups on executive function or memory performance across groups (all p > 0.05). Processing speed was greater in Active MetS compared with Sed MetS group and not different from Healthy controls (0.1 au ± 0.6 vs. -0.3 au ± 0.5, 0.2 au ± 0.5, F(2,63) = 4.033, p = 0.022).
Associations
Frequency of moderate to vigorous PA was negatively associated with the β-stiffness index, r(65)=-0.255, p = 0.041. The β-stiffness index was unrelated to DTI metrics in our ROIs in either bivariate or partial correlations (all p > 0.02). Moderate to vigorous PA frequency was associated with DTI metrics of multiple ROIs as shown in Table 3 . In partial correlations, moderate to vigorous PA was associated with ALIC, r (60) 
Discussion
The aim of the present study was to determine the potential role of PA on mitigating the adverse influence of MetS on arterial stiffness, CWM integrity, and cognition in middle-aged adults. The principle findings from the present study are as follows. First, Sed MetS individuals exhibited increased arterial stiffening and diminished CWM integrity compared with healthy controls, indicating MetS-associated increases in arterial stiffness and CWM integrity vulnerability. Second, individuals with MetS who performed greater frequency of moderate to vigorous PA Rourke et al. 2002) . Interestingly, the difference in β-stiffness between Active MetS group and Sed MetS is similar to the reduction observed in overweight middle-aged adults following a 12 week aerobic exercise intervention (Miyaki et al. 2009 ). Findings from the current cross-sectional study indicate arterial stiffness and DTI differences between sedentary and active individuals with MetS, with both stiffness and ROI MD being related to frequency of moderate to vigorous PA when analyzed continuously.
It is important to distinguish PA from exercise. PA is a behavior defined by skeletal muscle movement resulting in energy expenditure, while exercise is a subset of PA that is planned with the objective of improving or maintaining physical fitness. Physical fitness, on the other hand, is specified as a set of attributes that people achieve, such as aerobic capacity often described by maximal oxygen uptake or other physical fitness tests (Caspersen et al. 1985) . In an epidemiological investigation, performing any duration of PA at midlife was protective of executive function, processing speed, and memory and reduced the odds of acquiring dementia compared with being entirely sedentary (Chang et al. 2010) . Longitudinally, higher baseline physical fitness had a protective effect on executive function and verbal memory after a six-year follow-up.
Investigations relating PA to CWM integrity are relatively few with a greater body of existing literature focusing on exercise and cardiorespiratory fitness. A prior investigation reported PA was not related to a reduced rate of white matter lesion progression in a sample of elderly individuals with a spectrum of cognitive impairment (Podewils et al. 2007 ). In relation to CWM integrity, a comparison of individuals who were physically active demonstrated protection to CWM integrity from carrying the apolipoprotein-E epsilon 4 (APOE4) gene, a genetic marker of significantly heightened Alzheimer's disease risk, compared to those who engage in low PA with the APOE4 allele (Smith et al. 2016) . In a similar construct, our results are the first to directly relate PA frequency with CWM integrity in individuals with MetS.
In relation to exercise, a small but meticulous study compared CWM integrity between Masters athletes and sedentary but otherwise healthy peers (Tseng et al. 2013 ). The Masters athletes benefited from regionally greater FA in the right superior corona radiata, bilateral longitudinal fasciculus, bilateral inferior fronto-occipital fasciculus along with lower left posterior thalamic radiation and left cingulum hippocampus MD. Further, physical fitness was positively associated with FA in the Masters athletes and their healthy matched peers. These findings of cardiorespiratory fitness being beneficial for CWM integrity are supported by other investigations showing significant associations between fitness measures and corpus callosum FA in healthy seniors (Johnson et al. 2012) .
Intervention studies are necessary to establish dose dependent relationships of PA, exercise, and cardiorespiratory fitness with arterial stiffness, CWM integrity and cognition. Past exercise interventions administered to previously sedentary middle-aged and older populations improved arterial stiffness and CWM integrity. For example, a 3-month aerobic exercise intervention consisting of primarily walking in a sedentary population similarly aged (53 ± 2 years) to the present study restored arterial compliance to similar levels of middle-aged peers and older endurance-trained men (Tanaka et al. 2000) . Similarly, a one-year exercise intervention study in older adults compared the effects of walking and stretching on CWM integrity showing regional FA improvements most pronounced in anterior regions specific to the walking intervention (Voss et al. 2013 ). The present study was able to combine these two observations cross-sectionally in a clinically important subject population of MetS individuals.
A unique aspect of the current investigation is the use of a middle-aged MetS population that is particularly vulnerable to arterial stiffening, diminished CWM health, and cognition. We demonstrated that individuals with MetS even at midlife could perform relatively short bouts (at least 15 min) of moderate to vigorous PA to protect against arterial stiffening and negative CWM changes. The modesty of the mean frequency and duration of PA performed by Active MetS group is encouraging. PA that improves aerobic exercise is an attractive intervention because it is easily accessible, cost friendly, and generally safe under the guidance of a medical practitioner. Aerobic exercise can be received either through a structured program or the adoption of a lifestyle modification as being physically active as in the present study. The exact mechanisms by which PA enriches CWM integrity remain elusive and are likely complex. As mentioned previously, PA can improve aerobic fitness, which positively correlates with increased CWM integrity (Voss et al. 2013; Johnson et al. 2012) . Another probable factor is improving arterial stiffness associated with aging and cardiovascular disease. A fundamental function of large vessels including the aorta and carotid artery is to buffer hemodynamic pulsatility and transfer smooth continuous blood flow from the heart to the peripheral vasculature and ultimately end organs (Nichols et al. 2011 ). Dysregulation of the Windkessel effect results in exposure of small vessels to pulsatility that enhances arterial stiffening through the loss of elastin and inflict damage to end organs such as the brain (Mitchell 2008) . If this pulsatility is transferred to cerebral microvessels incapable of accommodating mechanical stress, atherogenic and inflammatory responses that impair microvascular reactivity may result (Hughes et al. 2015) . Such changes can reduce cerebral blood flow to white and gray matter in the brain thereby limiting essential nutrients and prompt intermittent ischemic-like conditions (Tarumi et al. 2011 ). This phenomenon of reduced cerebral perfusion related to impaired memory has been observed in individuals with MetS (Birdsill et al. 2013) . Further, we recently demonstrated that arterial stiffening mediates lower cerebrovascular conductance related to MetS (Pasha et al. 2017) .
Contrary to our hypothesis, despite observing differences in arterial stiffness and CWM integrity, corresponding differences in cognition were not observed in either executive function or memory performance. However, processing speed was poorest in the Sedentary MetS group who also presented with significantly great arterial stiffness. One recent investigation showed the carotid β-stiffness index to be associated with reduced performance on a processing speed task but not memory or CWM integrity (DuBose et al. 2017) . Determinants of cognition are multifactorial and are not solely reliant on vascular function and CWM integrity. Thus, other contributors not measured in this investigation (e.g. cortical thickness or social influences) may have enabled the Sedentary MetS group to preserve executive function and memory to a level similar to that of their agematched peers. Alternatively, considering our middle-aged cohorts, the differences identified in arterial stiffness and CWM integrity may disrupt processing speed earlier than executive function or memory.
The present study benefited from the distinctive and well-characterized subject population. Middle-aged adults without cardiovascular risk factors are increasingly sparse. Additionally, the MetS groups were statistically similar in physiological characteristics outside of the independent variable of PA. Methodologically, the assessment of arterial stiffness via ultrasound and CWM integrity via DTI are reliable and robust (Laurent et al. 2006; Alexander et al. 2007) . DTI is particularly suitable for the present study because of its increased sensitivity to CWM changes compared with other conventional structural MRI techniques (O'Sullivan et al. 2001 ). This characteristic is critical as changes to the CWM at midlife are likely small but could be indicative of early neuropathology.
There are several study limitations that must be addressed. Inherent to any cross-sectional investigation is the inability to make causal inferences. Here, we observed similar arterial stiffness and CWM integrity in active individuals with MetS and healthy controls. While conceivable, we cannot specifically assert that PA was solely responsible for these findings, as external factors such as genetics and others, may have influenced the differences of arterial stiffness and CWM integrity (Persson et al. 2006) , such as age, sex, education, smoking, sedentary behavior, and ethnicity. Nonetheless, the homogeneity of these characteristics within our sample likely limits potential biases on cognitive function tests. Second, characterization of PA from a self-reported questionnaire is vulnerable to reporting bias and retest variability. Ideally, activity monitors would be given to participants to more accurately distinguish PA behavior. However, dichotomizing moderate to vigorous PA frequency within our sample resulted in largely disparate PA between MetS groups. An additional confound is duration of MetS. Duration of exposure to MetS, which was not recorded, may have differed between Active and Sed MetS groups. Lastly, type-1 error is possible in this investigation due to multiple comparisons. To combat this, we employed the modified Bonferronni post-hoc test for intercorrelated outcomes reducing the alpha to α < 0.02 from the conventional α < 0.05. Additionally, it was deemed of clinical value to identify CWM regions potentially vulnerable to the effects of MetS.
Conclusions
Our findings provide novel evidence that moderate to vigorous PA is associated with more favorable vascular and CWM integrity outcomes in middle-aged adults with MetS. These results reinforce the implication that arterial stiffening could be a mechanistic contributor to reduced cerebral CWM integrity and cognitive dysfunction in middle-aged individuals with cardiovascular risk factors and MetS vulnerable for future cognitive decline. Future studies should implement longitudinal PA interventions to better characterize the mechanisms behind the therapeutic benefits of PA on arterial stiffness, CWM integrity, and cognition in MetS individuals.
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